In this paper, we analyse the prospects for using nitrogen-vacancy centre (NV) containing diamond as a laser gain material by measuring its key laser related parameters. Synthetic chemical vapour deposition grown diamond samples with an NV concentration of ~1 ppm have been selected because of their relatively high NV concentration and low background absorption in comparison to other samples available to us. For the samples measured, the luminescence lifetimes of the NV-and NV0 centres were measured to be 8 ± 1 ns and 20 ± 1 ns, respectively. The respective peak stimulated emission cross-sections were (3.6 ± 0.1) × 10 −17 cm 2 and (1.7 ± 0.1) × 10 −17 cm 2 . These measurements were combined with absorption measurements to calculate the gain spectra for NV-and NV0 for differing inversion levels. Such calculations indicate that gains approaching those required for laser operation may be possible with one of the samples tested and for the NV-centre. 
Introduction
Diamond has a range of properties that make it interesting for laser engineering. The thermal conductivity of pure diamond (2200 W/m K [1] ), its rigidity (Young's modulus ~1100 GPa) and tensile strength (2.8 GPa) are significantly superior to commonly used laser gain materials [1, 2] . Even at moderate impurity levels these values remain large with the thermal conductivity of type Ib diamond, the base material used in this study, being reduced by only about 10% [3] . This gives diamond the potential to help alleviate the thermal issues that often limit the performance of solid-state lasers [4] , particularly in compact formats. Rapid progress in the growth of high optical quality synthetic diamond [2] makes it important to characterise the laser related properties of this material.
These recent improvements in growth have underpinned significant strides across the field of diamond photonics [5] . Specifically in laser engineering, the availability of highpurity, single-crystal material with low birefringence and low absorption has enabled the routine intra-cavity use of diamond within lasers. Intracavity use of diamond heat spreaders to cool semiconductor disk lasers, for example, has been instrumental in the demonstration of broad spectral coverage at Watt-level output powers from these lasers [4, 6] . However, it should be possible to more fully exploit the exceptional thermomechanical properties of diamond if it is used directly as a laser gain material [4] . This has been demonstrated in Raman lasers [7] , where stimulated Raman scattering, rather than conventional stimulated emission drives laser oscillation. Output powers from diamond Raman laser are rapidly increasing as the technology develops and better exploits the potential of diamond [8] . While diamond Raman lasers have considerable potential, they would be complemented by a diamond laser technology based on stimulated emission.
In solid-state laser engineering, a laser crystal is usually doped with rare-earth or transition metal ions to enable optical amplification via stimulated emission. Doping of diamond with laser ions is challenging due to the compact nature of the diamond lattice and the relatively large size of laser ions. Doping with ions of similar size to common laser ions has been achieved for non-laser-related applications (see e.g [9] ) and there has been discussion of doping for laser applications in the patent literature [10] ; however, the optical properties of such material remain unclear, and to the best of our knowledge, laser action has not been reported in the peer-reviewed literature.
A more promising alternative may be to exploit the various colour centres (CC) that can be generated in diamond. A detailed study of hundreds of CCs in diamond can be found in [11] . In contrast to many CC used for laser amplification in other crystals, CC in diamond are often stable and strongly luminescent at, and often significantly above, room temperature. A room temperature diamond CC laser was demonstrated in 1985 [12] , based on the H3 CC (two substitutional nitrogen atoms adjacent to a vacancy). However, since then no significant progress on diamond CC lasers has been reported. That said, the recent rapid improvements in diamond growth and improved understanding of diamond CC for quantum applications [5] suggests that renewed study may be merited.
One of the most common impurities in synthetic diamond is single substitutional nitrogen, which is incorporated in the diamond lattice substituting a carbon atom [13] . When substitutional nitrogen is adjacent to a vacancy in the diamond lattice, it forms the nitrogen-vacancy (NV) CC [13] . The negatively charged variant of this CC, NV- [14, 15] , is particularly well studied since its quantum properties are suitable for applications such as quantum information processing, single-photon sources and optical magnetometry [16] .
While there has been considerably less work on NV-for laser applications, a theoretical study predicted the potential for using laser action in NV-for magnetometry with fT/(Hz) 1/2 sensitivity [17, 18] , and recently an observation of stimulated emission in NV-in diamond was reported [19] . It has also been proposed that NV CC may possess promising properties for tunable solid-state lasers [20] in the visible spectral region: a luminescence bandwidth of ~120 nm and peak emission cross-section of 3.2x10 −16 cm 2 were reported when pumped at 532 nm [21] . NV CC in the neutral charge state (NV0) are less widely studied. However, this CC exhibits broadband luminescence (~550-750 nm [15] ) at slightly shorter wavelengths than NV-, and hence is also potentially of interest for tuneable and ultrafast visible laser applications. Other common impurities in diamond include the so-called A (two nitrogen atoms next to each over) and B aggregates (two combined A centres), and Boron impurities [22] .
In this paper, we present a detailed study of the laser-related spectroscopic properties of diamond containing NV0 and NV-CC. The next section outlines the samples studied, with subsequent sections describing measurements of the luminescence quantum yield, the luminescence lifetime, and the emission cross-section. Finally, this data is used to estimate the likely gain spectra of these samples to assess the potential for future laser operation.
Sample selection, fabrication and characterization
In quantum applications, isolated NV centres are typically required, and so single centres, or samples with low CC concentration, are most often studied. For bulk laser applications, in contrast, ensembles of large numbers of centres will be required to enable efficient optical pumping. The sample sizes and centre densities required can be estimated, to first order at least, by considering the requirements for efficient pump absorption, a prerequisite for efficient laser operation.
Assuming optical pumping of NV-CC by a 532 nm laser, one can estimate the pump power absorbed as a function of CC density and sample length. For a sample with an NVdensity of N NV-and a length L, the fraction of pump power absorbed will be 1 -exp(-σ abs N NV-L), where σ abs is the absorption cross section of NV-at 532 nm (reported to be 3.1 × 10 −17 cm 2 [23] ). Single crystal diamond samples of high optical quality are typically restricted to a few mm in length, and >50% pump absorption would typically be desired for laser applications. Hence, assuming a 2 mm long crystal (a typical length of a reasonably priced high quality synthetic diamond) and targeting a pump absorption of at least 50% at 532 nm, the required concentration of NV-is ~1 × 10 17 cm −3 or ~0.6 parts per million (ppm) (1 ppm in diamond corresponds to a concentration of 1.77 × 10 17 cm
−3
). For this reason CC concentrations in the region of 1 ppm were targeted in this work.
Two synthetic diamond samples have been studied, labelled below as E6NV and E6H3D (see Fig. 1 ). Both samples were grown by chemical vapour deposition (CVD) by Element Six Ltd. CCs in sample E6NV were fabricated by Element Six (UK) Ltd.: the crystal was electron irradiated at 4.5 MeV with the total electron dosage of 5.85 × 10 18 e/cm 2 then annealed at 400 °C for 2 hours (to anneal out interstitial carbon), 800 °C for 16 hours (to create NV-CC) and 1200 °C for 2 hours (to remove vacancy chains) [24, 25] and studied as received. Sample E6H3D was subjected to treatment by the authors to modify its CC content. Prior to further treatment, the room temperature absorption spectrum of sample E6H3D was characterized in the UV-visible region (see Fig. 2 , measured with an Agilent Cary 5000 UV-Vis-NIR spectrometer). Negligible absorption was observed in the spectral region above 500 nm; the absorption band at ~267 nm is associated with single substitution nitrogen [3] . This sample had an NV-concentration of <10 ppb (parts per billion) and an H3 concentration of 0.05 ± 0.015 ppm, based on the low temperature absorption spectrum (calculated using the calibration constants and methodology in [26] ). The concentration of single substitutional nitrogen (Ns0) in this sample was estimated to be 7 ± 1 ppm from the Fourier transform infrared (FTIR) spectrum measured using a Perkin Elmer Spectrum-GX instrument and the methodology described in [27] . This makes it potentially suitable for generating ppm levels of NV centres without excessive residual single nitrogen.
In order to create NV centres in this crystal, it was subjected to electron beam irradiation and high temperature annealing. Electron irradiation creates vacancies in the diamond lattice [28] . Annealing mobilizes these vacancies such that some can combine with Ns0 to form NV [29, 30] . The charge state of the NV is dependent on the concentration of electron donors in the lattice. These can be, for example, residual Ns0 [31] . If, for the purposes of an initial estimate of the required electron dose, it is assumed that all generated vacancies combine with Ns0 to create an NV centre, then the required concentration of vacancies is the same as the required NV centre concentration (N NV ). If, for a given energy, one electron creates A vacancies within its stopping distance L, the required electron dosage per unit area is X = N NV-⋅L/A. Electrons with an energy of 4.5
MeV have a stopping distance in diamond of ~7.5 mm [32] . A beam with this energy creates ~2 vacancies per electron [32] . Therefore, given the estimate of the required NV concentration calculated above (~1 ppm), the corresponding electron dosage would be ~1 × 10 17 e/cm 2 . In order to generate NV-centres in preference to NV0, it is typical to target an NV concentration that is less than half of the nitrogen concentration, so that an electron can be donated from a nitrogen to an NV centre to form NV- [33] . In E6H3D this requirement is fulfilled: the targeted NV concentration (~1 ppm) is less than half of the total (7 ± 1 ppm) concentration of nitrogen.
Electron irradiation of the sample was performed with an electron density of 1.6 × 10 17 e/cm 2 and an electron energy of 4.5 MeV. This density was higher than the estimate given above since, in practice, not every vacancy will combine with a nitrogen. An annealing temperature of 800 °C and annealing time of 5 hours were chosen based on the recommendations in [34] .
The UV-VIS room-temperature absorption spectra of E6H3D before and after treatment and that of E6NV are presented in Fig. 2 . The spectra are characterized by narrow peaks at 575 nm and 637 nm, associated with the zero phonon lines (ZPLs) of NV0 and NV- [11, 29] and the corresponding phonon sidebands with a maximum absorption at ~520 nm.
Absorption spectra at 77K (Fig. 3 , measured with a Perkin Elmer Lambda 1050 UV-VIS spectrometer) show defined ZPLs, which can be used to estimate the concentration of NV0, NV-and H3 CC in the samples. It should be noted that spectral position of ZPL of H3 CC (503.2 nm [11] ) is very close to the one of the 3H CC (a vacancy-interstitial defect [35] ) at 503.4 nm [11] . However, the latter is believed to disappear during long annealing time at temperatures above 600 K [36] . Therefore we considered the observed low-temperature absorption peak at ~503 nm ( Fig. 3) as the one corresponding to H3 CC. Sample E6NV also exhibits some well-defined ZPLs at ~727, 712, 693 and 663 nm. The 727 nm peak can be associated with the Ni defects in diamond [11] . The nature of other lines in the absorption spectrum is not well understood, although their presence in diamond was reported in [11] .
Concentrations of Ns0, estimated from the FTIR spectroscopy in sample E6H3D after treatment and sample E6NV, were 4 ± 1 and 1.5 ± 0.5 ppm respectively. The combined concentration of A and B aggregates in sample E6NV was found to be higher (5 ± 1 ppm) than that in sample E6H3D after the treatment (3.5 ± 0.5 ppm). The higher background absorption at wavelengths longer than 650 nm in E6NV may be associated with these aggregates, as well as with some absorption associated the absorption centres noted above.
Concentrations of NV0, H3 and NV-CC are proportional to the area under the respective ZPLs in Fig. 3 and are calculated using the calibration constants in [26] . The resulting estimated concentrations are shown in Table 1 . No ZPLs associated with neutral vacancies (V0) at 741 and 744 nm [11] were observed in sample E6H3D (see Fig. 3 ), suggesting any remaining vacancies in the sample were annealed off. The absorption spectrum of sample E6H3D after irradiation (before the annealing) was not measured by us. However, judging from the absorption data of two comparable samples which were treated with the same irradiation dose, we expect to have created about 0.8 ppm of V0. This number agrees well with the total number of H3 and NV CC of 0.8 ppm after annealing (Table 1) . The absorption cross sections of NV-and NV0 CCs at corresponding ZPLs (637 and 575 nm) can be estimated from the concentration data (Table 1 ) and the amplitude of lowtemperature absorption coefficients at corresponding ZPLs (Fig. 3) , after subtracting the background absorption. The absorption cross-section of NV-CC at 637 nm was calculated to be (4 ± 1) × 10 −17 cm 2 , and that of NV0 to be (1.8 ± 0.4) × 10 −17 cm 2 at 575 nm.
The concentrations of NV-in samples E6H3D and E6NV are similar at around 0.5 ppm (Table 1) . However, a significantly higher concentration of NV0 in sample E6NV (0.7 ppm) results in stronger absorption in the phonon side band at ~520 nm in comparison with that of the sample E6H3D after treatment (Fig. 2) .
Luminescence spectra and quantum yield measurements
To help establish the potential of the diamond samples for laser operation, luminescence spectra and quantum yield (QY) measurements were made. An integrating sphere (Thorlabs IS200) was used to collect the luminescence from the samples. A spectrometer (Ocean Optics, S2000) was connected to the detector port of the integrating sphere using a multi-mode fibre. The spectral sensitivity of the detection system was calibrated using a tungsten lamp (Ocean optics, HL-2000-FHSA) with a known spectrum (provided by the manufacturer).
The samples were pumped through one of the input ports of the integrating sphere using CW lasers at 447 nm (diode laser, LRD-0447, Laserglow) and 532 nm (solid-state laser, FCHPG-5000, Elforlight). The laser power incident on the samples was 15 mW in both cases. The samples were suspended inside the integrating sphere using a piece of white thread glued to the surface of the sample on one side and to the end cap of the integrating sphere on the other.
The luminescence QY (Φ) of the samples was measured using a comparison method, described in detail in [37] , and was calculated with the following equations [38] :
where Φ x , calculated from Eq. (2), is the QY uncorrected for any reabsorption of the luminescence by the emitting centres [37, 38] . Φ s is the QY of a standard material (Ti:sapphire, which has a reported QY of 0.7 ± 0.1 [39] [40] [41] , was used in this work); A x and A s are the integrated areas under the luminescence spectrum of the sample under study and the standard respectively; T x (T s ) is the transmittance of the sample under study (standard); n x (n s ) is the refractive index of the sample under study (standard). The quantity a, set out in Eq. (3), is the self-absorption parameter introduced in [38] to account for the effects of reabsorption [37, 38] :
In calculating this parameter, it is assumed that the long-wavelength tail of the luminescence spectrum is unaffected by reabsorption and so is independent of the concentration of emitting centres. Therefore the emission spectra of two samples are measured: the spectrum of the sample under test (I x (λ)) and the spectrum from a sample with a significantly lower concentration of the emitting centres. The spectrum from the lower concentration sample is then scaled such that its long wavelength tail matches that from the sample under test. This scaled spectrum (I low (λ)) is then used in Eq. (3) to calculate a, as discussed below.
The measured luminescence spectra of the diamond samples and the Ti:sapphire crystal, pumped at 532 and 447 nm and corrected for spectral sensitivity of the detecting system, are presented in Figs. 4(a) and 4(b) . To calculate a (Eq. (3)), the spectrum of a sample with an NV-concentration that is at least 50 times lower than that of the other samples, and a NV0 concentration at least 6 times lower, (ADCVD, N NV0 = 0.03 ppm, N NV-<0.01 ppm) was measured at both pump wavelengths. Examples of the luminescence spectra of the lower concentration sample after the procedure of matching the long-wavelength tail of higher concentration samples are shown in Figs. 4 (a) and 4 (b): Fig. 4 (a) for a pump wavelength of 532 nm and sample E6H3D, and Fig. 4 (b) for a pump wavelength of 447 nm and sample E6NV. The results of the measurements are summarised in Table 2 (the error bounds in the table include both standard deviation and systematic errors). Fig. 4 . Luminescence spectra of the diamond samples and Ti:sapphire crystal pumped at 532 nm (a) and at 447 nm (b) measured using an integrating sphere. Examples of the matching the long-wavelength tail of the emission spectra (rescaled) from the lowconcentrated sample (ADCVD, green lines) to that of the samples E6H3D (a) and E6NV (b) are also shown. The luminescence spectra obtained for the diamond samples is affected not only by reabsorption effects, however, but also by the balance of CC excited by a particular pump wavelength. For example, at the pump wavelength of 532 nm, both NV0 and NV-CC are excited [42] and the contribution of these CC to the luminescence spectrum will depend on their relative concentration, which is different in the samples under study and the low concentration sample. At the pump wavelength of 447 nm both H3 and NV0 CC are excited [42] . Relatively high concentrations of H3 in sample E6H3D means that emission from this defect is more pronounced in the spectra from this sample that those from E6NV. Emission from H3 CC in E6H3D can be seen as a characteristic shoulder in the luminescence spectrum (Fig. 4(b) ) at ~510 nm. This will affect the accuracy of the parameter a for the studied diamond samples Moreover, given that the pump light is typically absorbed by more than one CC, it is difficult to determine correctly the transmittance T x of the specific CC to use in Eq. (2) . Hence the QY values in Table 2 are best interpreted as the ones for the sample as a whole, with some correction for reabsorption by the emitting centre but not for absorption by other centres. They are not, therefore, measurements of the QY of a particular CC but rather of the ensemble of centres in the sample. Sample E6NV has a QY of 0.17 for pumping at 447 nm, rising to 0.4 for pumping at 532 nm. For sample E6H3D these values are 0.28 and 0.48 respectively.
Luminescence lifetime measurements
Luminescence lifetime is an important laser parameter, helping to dictate, for example, the laser threshold [43] . Luminescence lifetime measurements were made on the samples at room temperature using a time-correlated single photon counting spectrometer (Edinburgh Instruments Mini-Tau). Two pump sources were used: a 448 nm diode laser with an average power of 0.12 mW and pulse duration of 128 ps (20 MHz repetition rate); and a 562 nm light emitting diode with an average power of 0.09 μW and a pulse duration of 1.5 ns (10 MHz repetition rate). The lifetime measurements were spectrally gated to wavelengths around 640, 670 and 700 nm (using filters with a pass band of 10nm, full-width at half-maximum), as well as in the spectral range >640 nm (using a long-pass filter). The filters blocked >99.99% of light out of the bandpass spectral region. The first band corresponds to the ZPL of NV-, the second to the maximum of the NV-phonon sideband, and the third to the long-wavelength tail of the NV-the luminescence spectrum. The measurements at >640 nm were carried out for comparability with those in [44] .
The typical luminescence decay kinetics are shown in Fig. 5 for the spectral range > 640 nm. For 448 nm pumping, the luminescence decay is mono-exponential with a decay time of 20-22 ns at all emission wavelength bands measured and for both samples. Table 3 . In general, the fast (τ f ) component lifetime was between 7 and 9 ns, and the slow (τ s ) component was between 17 and 21 ns. The one exception was the measurement of sample E6NV, where the slow component was ~16 ns. We attribute the difference in the luminescence decay kinetics at pump wavelengths of 448 and 562 nm to different CC being excited: mainly NV0 at 448 nm and both NVand NV0 at 562 nm, based on the photoluminescence excitation spectrum measurements reported in [42] . The measured luminescence decay time for the 448 nm pump is encompassed by the previously reported values of the luminescence lifetime of NV0 (17-28 ns [42, [45] [46] [47] ).
Collins et al. reported a radiative lifetime of 13 ± 0.5 ns for NV- [44] . This was measured in natural diamond at a pump wavelength of 580 ± 20 nm and for an emission spectral range of >640 nm. It didn't vary significantly over a temperature range of 77 to 700 K. Hanzawa et al reported bi-exponential luminescence decay in synthetic diamond containing NV CC [48] . The sample was pumped at 587 nm, and fast and slow components of 2 and 8 ns were attributed to NV CC but without attribution to particular charge states. Manson et al. [49] showed that, under certain circumstances, bi-exponential decay could result from the different lifetimes for the spin-projection states m s = 0 and m s = ± 1. However, they predicted that the fast component (associated with m s = ± 1) should only be observed for low repetition rate pumping (< 10 Hz), or when the spin polarisation is removed with a microwave (MW) field. The latter condition was realised in [50] , where fast and slow decay times of 7.8 and 12 ns were measured.
The repetition rate used in our measurements was 5 MHz. Hence, in the absence of a microwave field, the bi-exponential luminescence decay observed at a pump wavelength of 562 nm is likely to be due to two different CC being excited: NV-and NV0. The amplitude of the slow component (A sl ) decreases as the emission wavelength examined is shifted from 640 to 700 nm, while that of the fast component (A f ) increases (Table 3) . This is consistent with sampling close to the peak of the phonon sideband for NV0 (640 nm) to sampling close to the peak of the phonon sideband for NV-(700 nm) and hence preferentially sampling NV0 at 640 nm and NV-at 700 nm.
The evidence suggests that the fast and slow components of the luminescence decay can be assigned to NV-and NV0 CC, respectively. Shorter luminescence lifetimes of NV0 CC, detected at the pump wavelength of 488 nm in comparison with that at 562 nm (Table 3 , column τ sl ) could be attributed to non-radiative energy transfer mechanisms (e.g. photo-ionisation [51] ) in NV0 CC taking place at pump wavelength of 562 nm.
The measured luminescence lifetimes for NV-of ~7.5 ns in sample E6NV and ~8.3 ns in E6H3D are shorter than the reported radiative lifetimes of ~13 ns [44] . This is likely to be due to non-radiative relaxation channels resulting from defect related quenching [44, 45] . The luminescence QY of NV-in the samples can be estimated from the ratio of the luminescence and radiative lifetimes [43] . If a radiative lifetime of 13 ns is assumed [44] , then QYs of 0.58 and 0.64 can be estimated for samples E6NV and E6H3D, respectively.
To the best of the authors' knowledge, no direct measurements of the radiative lifetime of NV0 in diamond have been published. However, some indirect measurements (based on the results of luminescence kinetics in what was believed to be optically pure CVD diamonds, pumped at ~0.45 μm) [45, 46] suggest that the "intrinsic" or radiative lifetime in NV0 CC is 17 ± 1 [45] or 19 ± 2 ns [46] . Given that the luminescence lifetimes measured in this work are similar to, if not longer than, the previously quoted estimates of the radiative lifetime, it may be that the QY of NV0 in these samples is approaching 100%.
The QY of NV-CC was reported to be 100% in [11] , however no information was given on the methods used to determine this value. As far as NV0 CC is concerned, to the best of the authors' knowledge, there are no report on QY measurements in this centre.
The difference between the results returned by the two QY measurement techniques (integrating sphere in Section 3 and luminescence lifetime in this Section) indicates relatively strong absorption of the pump light by centres other than the target centre, in particular Ns0, and is affecting the QY results returned by the integrating sphere method (Section 3).
Stimulated emission cross-section
The stimulated emission cross sections of NV CC in our samples were calculated using the Füchtbauer-Ladenburg equation. This method requires knowledge of the radiative lifetime and a measured luminescence spectrum [52] . The emission cross section σ em (λ) is related to the luminescence intensity I(λ) by [53] : where τ r is the radiative lifetime, λ is the wavelength and n the refractive index for diamond, c is the speed of light. To calculate the emission cross-section of NV-, the luminescence spectra of the samples pumped at 532 nm was corrected for the contribution of emission from NV0 (similar to a procedure, described in [19] ). To do this correction, the luminescence spectra of the samples pumped at 447 and 532 nm were recorded.
Whereas the emission spectrum for 532 nm pumping results from both NV0 and NVemission, the spectrum pumped at 447 nm is dominated by NV0. Both spectra were normalized to the intensity of the zero phonon line of NV0 at 575 nm, and the normalised spectrum for 447 nm pumping was then subtracted from normalised spectrum for 532nm pumping. This procedure was carried out for both E6NV and E6H3D samples and the result for sample E6NV is shown in Fig. 6 (a) (the result for sample E6H3D is similar) .
The luminescence spectrum of the sample E6H3D after treatment, pumped at 447 nm, is a result of emission of both NV0 and H3 CC. In the case of sample E6NV, the contribution of H3 CC to the luminescence under 447 nm pumping is less intense, see Fig. 4 . For this reason, in order to calculate the emission cross-section of NV0 CC in sample E6H3D, its luminescence spectrum, pumped at 447 nm was corrected for contribution of emission from H3. To do this correction, the luminescence spectra of the sample, before and after the treatment and pumped at 447 nm, were recorded. The spectrum for the untreated sample is dominated by H3 CC (due to very low concentrations of NV-CC). Both spectra were normalized to the intensity of the zero phonon line of H3 at 503 nm, and the normalised spectrum of untreated sample was then subtracted from normalised spectrum the treated one. The result of this procedure is shown in Fig. 6 (b). These corrected spectra were then used with Eq. (4).
The calculated stimulated emission cross section spectra for NV-as a function of wavelength are plotted in Fig. 7 for both samples, taking into account the radiative lifetime of NV-CC of 13 ± 0.5 ns [44] . The peak emission cross-section is estimated to be σ em = (3.6 ± 0.1) × 10 −17 cm 2 at 710 nm for both samples. This value is ~8 times smaller than the one estimated in Vins et al [21] . However, the charge state of the NV centres was not discussed in [21] and the radiative lifetime assumed in the calculation of stimulated emission was not disclosed.
The results of calculations for NV0 CC, taking into account an estimated radiative lifetime of NV0 of 20 ± 1 ns based on our data from Section 3, are also presented in Fig.  7 for samples E6NV and E6H3D. The peak emission cross-section value is in the range 1.6-1.8 × 10 −17 cm 2 at ~660-670 nm.
Calculation of the gain spectrum of NV-and NV0 CC in diamond
The gain spectra can be calculated from the emission and absorption spectra of the samples using the following equation [53] :
where N NV is the total concentration of NV-or NV0 CC in the sample. For the gain calculation in NV-CC we assumed that the main contribution to the absorption of the samples at the wavelengths longer than the ZPL of NV-(638 nm), α abs , is due to background defects not directly associated with the NV-or NV0 CCs (e.g. Ns0). Hence, absorption from these states can be assumed to be independent of the inversion level β of the NV-CC. For the gain calculation in NV0 CC, the background absorption at the wavelengths longer than the ZPL of NV0 (575 nm) is assumed to be associated with both Ns0 and NV-CC. Still, absorption from both of these states can be assumed to be independent of the inversion level β of the NV0 CC. Calculated gain spectra of NV-and NV0 in the two samples at two inversion levels β of 0.3 and 1 of corresponding CC, are shown in Figs. 8 (a) and 8 (b) respectively, using the absorption spectra measurements in Fig. 2 . β of 1 represents an upper bound on the gain, while β of 0.3 is more reasonably achievable, with the required pump intensity of ~0.4 MW/cm 2 for both NV-and NV0 CC. NV-in sample E6H3D shows positive gain in the spectral range between 670 and 820nm for β = 0.3 (Fig. 8) , which makes it a promising candidate for laser action. NV0 looks less promising, however. Significant gain in sample E6H3D can only be achieved for an inversion factor β>0.3 and reaches a maximum value of <0.5 cm −1 at β = 1 In the case of the sample E6NV the maximum achievable gain is 1.05 cm −1 . The emission spectrum of an NV-laser (for a pump wavelength of 532nm) or an NV0 laser (for a pump wavelength of 447nm) will be determined by a balance between the gain spectrum ( Fig. 8 ) and any additional passive losses introduced e.g. by the resonator mirrors. The above mentioned pump intensity of 0.4 MW/cm 2 required for a positive gain in both NV-and NV0 CC corresponds to 0.6 W of absorbed pump power for a Gaussian pump spot radius in the crystal of 10 μm, which is achievable using commercial CW lasers. If pumped in the blue (e.g. 447 nm) the NV laser will predominantly operate via the NV0 CC (see Fig. 4 (b) ), while with the green pumping (e.g. 532 nm) some cooperative effects from both NV0 and NV-CC can be expected (see Fig. 4 (a) ). Further research is required to determine the optimal balance between the initial concentration of Ns0 and the final concentration of NV-and NV0 CC to achieve the highest laser gain with lowest possible background absorption losses.
Conclusions
In this paper the key laser-related spectroscopic parameters of NV-and NV0 CC in diamond have been measured in two samples with CC concentrations around the level that might be required for future laser operation (~1 ppm). For the NV-centre, the luminescence lifetime and peak stimulated emission cross-section were measured to be 8 ± 1 ns and (3.6 ± 0.1) × 10 −17 cm 2 respectively. For NV0, these quantities were 20 ± 1 ns and (1.7 ± 0.1) × 10 −17 cm 2 . The luminescence QY of the samples was also measured in two ways: by collecting the total luminescence using an integrating sphere and by comparing the luminescence lifetime to the radiative lifetime. The former returned the QY of the sample overall, factoring in the effect of absorption by other centres; the latter returned an estimate of the yield of particular centres were there no such absorption. The QY of NV-and NV0 in these samples was relatively high and similar for the two samples: 60% for NV-and approaching 100% for NV0. However, parasitic absorption in the samples meant the QYs from the samples overall were substantially lower: <30% for pumping at 447 nm and <50% for pumping at 532 nm. To further assess the potential for laser operation, the gain spectra for NV-and NV0 were estimated at two inversion levels. These calculations indicated that the NV-centre is more promising at present for future laser engineering than NV0 and that while the centres themselves have intrinsic properties that look promising for laser operation, further work is required on the synthesis process to reduced parasitic absorption. In the case of NV0, this is complicated by the fact that NV-absorbs in the NV0 emission region.
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